Abstract. The emerging disease West Nile fever is caused by West Nile virus (WNV), one of the most widespread arboviruses. This study represents the first test of the vectorial competence of European Culex pipiens Linnaeus 1758 and Stegomyia albopicta (= Aedes albopictus) (both: Diptera: Culicidae) populations for lineage 1 and 2 WNV isolated in Europe. Culex pipiens and S. albopicta populations were susceptible to WNV infection, had disseminated infection, and were capable of transmitting both WNV lineages. This is the first WNV competence assay to maintain mosquito specimens under environmental conditions mimicking the field (day/night) conditions associated with the period of maximum expected WNV activity. The importance of environmental conditions is discussed and the issue of how previous experiments conducted in fixed high temperatures may have overestimated WNV vector competence results with respect to natural environmental conditions is analysed. The information presented should be useful to policymakers and public health authorities for establishing effective WNV surveillance and vector control programmes. This would improve preparedness to prevent future outbreaks.
Introduction
Recent outbreaks of West Nile virus (WNV) in the U.S.A. and Europe have given rise to global concern for human and animal health as a result of the virus's demonstrated capacity to cause severe disease and death. West Nile virus is a positive-sense RNA virus belonging to the genus Flavivirus of the Flaviviridae family. The primary enzootic cycle of WNV affects avian hosts and mosquitoes. Humans and horses are accidental hosts and do not develop sufficient viraemia to support the transmission cycle (Martin-Acebes & Saiz, 2012) . The virus is the most widespread member of the Japanese encephalitis virus complex (Bakonyi et al., 2006) and can be phylogenetically divided into nine distinct genetic lineages (Pachler et al., 2014) . The most frequently recognized of these lineages are lineage 1, which is present in Europe, the Americas, Africa and Australia, and lineage 2, which has traditionally been found in Madagascar and sub-Saharan Africa, but which has more recently also been reported in Europe (Calistri et al., 2010; Di Sabatino et al., 2014) . There have been several major outbreaks of WNV in recent years, affecting both humans and horses and occurring in Romania in 1996 , Russia in 1999 , France in 2000 , Israel in 2000 , Italy in 2008 and 2010 , Spain in 2010 and Croatia in 2013 (Calistri et al., 2010 García-Bocanegra et al., 2011; Di Sabatino et al., 2014) . Until the last decade, there had been no evidence of the circulation of the WNV lineage 2 strain in Europe. However, WNV lineage 2 is now reported to have been responsible for several human and animal outbreaks of disease across Europe, including in Russia in 2004 , Hungary in 2004 , Austria in 2008 , Greece in 2010 , Romania in 2010 , Italy in 2011 , Sardinia in 2012 and Serbia in 2012 (Hernández-Triana et al., 2014 . In temperate climates, viral infections affecting humans and equine species are generally reported in the warmest months, when they are associated with increases in vector density and influenced by bird population dynamics (Rappole & Hubálek, 2003) . The ability of a vector to acquire, maintain and transmit microbial agents (vector competence) involves a dynamic balance among vector genetics, hosts, virus strains, viraemia and environmental conditions (Hardy et al., 1983) . Vector competence for WNV lineage 1 has been well studied in the U.S.A., particularly since the initial New York outbreak of 1999. Culex pipiens, Culex nigripalpus Theobald and Culex quinquefasciatus Say are the species that have been most studied on the American continent (Turell et al., 2001; Goddard et al., 2002; Richards et al., 2007 Richards et al., , 2011 Richards et al., , 2012 Anderson et al., 2008) . However, very little information about WNV vector competence outside the U.S.A. has been reported. In the Maghreb region of Africa, Cx. pipiens was found to be competent for a WNV lineage 1 strain isolated in France (Amraoui et al., 2012) , and the vector competence of Culex univittatus Theobald for WNV lineage 2 in South Africa has been investigated (Cornel et al., 1993) . To the present authors' knowledge, only one study has previously compared the vector competence of two different African vectors for different African WNV lineages (Fall et al., 2014) . In Europe, Cx. pipiens, Culex perexiguus Theobald and Culex modestus Ficalbi are potential vector species (Hubalek & Halouzka, 1999; Engler et al., 2013) . However, only two studies have so far evaluated the vector competence of European culicid species. One of these tested the vector competence of Cx. pipiens, Cx. modestus and Ochlerotatus caspius Pallas (= Aedes caspius) (Diptera: Culicidae) from the Camargue region (France) (Balenghien et al., 2008) , and the other tested four different populations of Italian Cx. pipiens (Fortuna et al., 2015) . These studies were performed using two different strains of WNV lineage 1, isolated in France in 2000 and Italy in 2011, respectively.
The main objective of the current study was to explore WNV vector competence with respect to two mosquito species that are widely established in Europe: Cx. pipiens (two forms were assayed) and Stegomyia albopicta. These assays were performed using strains from two European isolates representing lineages 1 and 2; this was the first time that a European lineage 2 isolate had been tested in a study of vector competence. Two probable host viraemias were assayed and, for the first time in this type of WNV study, circadian temperature fluctuations were applied in the experiments to simulate natural conditions in Europe. 
Materials and methods

Mosquito populations
Two mosquito species found in Catalonia (northeastern Spain), Cx. pipiens and S. albopicta, were used for the experimental infections. Two different Cx. pipiens populations were used, comprising Cx. pipiens form molestus from Empuriabrava and a hybrid between the pipiens and molestus forms from Gavà. A molecular characterization of the pipiens forms was performed as previously described (Bahnck & Fonseca, 2006 (Aranda et al., 2006) . All mosquito populations were reared in the laboratory to obtain stable colonies. These colonies were tested for the presence of Flavivirus and Alphavirus by reverse transcription (RT) nested polymerase chain reaction (PCR) (Sánchez-Seco et al., 2001 , 2005 to confirm the absence of previous infections.
Virus strains
Two different WNV strains were used in the present study: PaAn001, a lineage 1 strain (Wn_lin1) isolated from a horse in the French region of Camargue in 2001 (EVA project, Ref-2651 , and 178907/2013, a lineage 2 strain (Wn_lin2), isolated from a mosquito in Italy in 2013. The Wn_lin1 strain was propagated in S. albopicta larvae (C6/36) cells (ATCC, CRL-1660). The virus was titrated by a 50% tissue culture infective dose (TCID 50 ) in African green monkey kidney (Vero) cells. The Wn_lin2 strain was propagated and titrated in Vero cells.
Vector competence assay design
Mosquitoes were reared under environmental conditions simulating those found around their natural breeding sites from the third week of July until the third week of August, corresponding to the period of maximum expected WNV activity. The photoperiod was represented by an LD cycle of 14.25 : 9.75 h with two crepuscular cycles of 30 min each to simulate dawn and dusk. The mean day temperature was 25.7 ∘ C and the mean night temperature was 21.3 ∘ C; relative humidity (RH) was maintained at a constant 70%. Mosquitoes were housed in 0.5-L plastic cages with mesh screening and fed on a 10% sucrose solution ad libitum. The sucrose solution was removed 30 h before the mosquitoes were fed with infectious bloodmeals. Female mosquitoes aged 10-12 days that had not previously been blood-fed were used in the experimental assays. The mosquitoes were fed using a Hemotek feeding system (Discovery Workshop, Accrington, U.K.) with a specific pathogen-free chicken skin as a membrane. Bovine blood (38 ± 0.5 ∘ C) with heparin and adenosine triphosphate (ATP) (5 × 10 −3 m) (Sigma-Aldrich Corp., St Louis, MO, U.S.A.) was fed to the mosquitoes. Each population was exposed to infected blood containing 5 log 10 and 7 log 10 TCID 50 /mL of virus. The total numbers of mosquitoes in each population exposed to infectious bloodmeals are shown in Table 2 . After exposure to infectious bloodmeals, the mosquitoes were anaesthetized with carbon dioxide and fully engorged females (FEFs) were selected. To test the rates of individual infection, dissemination and transmission, some FEFs were individually transferred to cardboard cages (Watkins & Doncaster, Leominster, U.K.) sealed with mesh screening on the top. The remaining FEFs were pooled and transferred, as a group, to a single plastic cage to evaluate group transmission. Cardboard and plastic cages were stored inside a climatic cabinet. Sucrose solution was administered in soaked cotton pledgets on the mesh screen, which were changed every day. Following a previous study (Dohm et al., 2002) , an extrinsic incubation period (EIP) of 12 days was established; at 12 days post-infection (d.p.i.) all surviving mosquitoes were killed by freezing to −80 ∘ C. All assays were performed in Biosafety Level 3 facilities at the Centre de Recerca en Sanitat Animal (CReSA), Barcelona.
Sample collection
Each mosquito was dissected. The legs were detached from the body and both parts were separately homogenized in 0.5 mL of Dulbecco's modified Eagle's medium (DMEM) (Lonza Group AG, Basel, Switzerland). Samples were homogenized at 30 Hz for 1 min using TissueLyser II (Qiagen GmbH, Hilden, Germany) and stored at −80 ∘ C until they were tested for WNV. The presence of virus in the body but not in the legs was considered to represent non-disseminated infection, whereas the presence of virus in both the body and legs was considered to indicate disseminated infection (Richards et al., 2007) . Screening was performed in two steps. Mosquito bodies were analysed first, after which the legs of bodies that tested positive were analysed to confirm the presence of disseminated infection. For transmission studies, two strategies were followed: (a) the sucrose cotton pledgets were collected from the plastic cage (from the mosquitoes housed in groups) at 10, 11 and 12 d.p.i., homogenized in 2 mL of DMEM and stored at −80 ∘ C until further testing, and (b) cotton was collected at 10 d.p.i. from the mosquitoes individually housed in cardboard cages and an FTA™ card (GE Healthcare, Little Chalfont, U.K.) soaked with Manuka honey (Manuka Health New Zealand, Te Awamutu, New Zealand) was placed in the cages until 12 d.p.i. (Hall-Mendelin et al., 2010; van den Hurk et al., 2012 ). The FTA cards were then collected, suspended in 0.3 mL of phosphate-buffered saline (PBS) and stored at −80 ∘ C until further testing. All saliva samples collected from the groups and from individual females with disseminated infection were analysed to investigate the transmission rate.
Virus detection and isolation
Viral RNA was extracted using NucleoSpin ® RNA Virus (Macherey-Nagel GmbH & Co. KG, Düren, Germany) following the manufacturer's recommendations. Quantitative real-time RT-PCR (RT-qPCR) was carried out as previously described (Jiménez-Clavero et al., 2006) , with minor modifications. The amplification was performed using primers at concentrations of 900 nmol/L and using 200 nmol/L for probes. The samples were amplified using a 7500 Fast Real-Time PCR System (Applied Biosystems, Inc., Foster City, CA, U.S.A.) programmed as follows: 48 ∘ C for 10 min; 95 ∘ C for 10 min, and 45 cycles of 97 ∘ C for 3 s and 61 ∘ C for 30 s. Standard curves were based on data acquired from 10-fold serial dilutions of recombinant plasmid as previously described (Busquets et al., 2012) . Limits of detection were 1.18 log 10 genome-equivalent copies (GEC) of plasmid per reaction for the Wn_lin1 strain and 0.22 log 10 GEC/reaction for the Wn_lin2 strain. Attempts were made to isolate each positive sample in Vero cells. 
Results
Mosquito feeding and mortality
Mosquito blood-feeding varied according to the mosquito species and population. Of Cx. pipiens (both populations), 437 of 2236 exposed females were fed with infected blood. Of S. albopicta, 438 of 781 exposed females were fed with infected blood (Table 2 ). The percentage of FEFs in Cx. pipiens was lower than that in S. albopicta. Mean ± standard deviation (SD) FEF values per population were 20.75 ± 6.25% in the molestus form of Cx. pipiens, 16.95 ± 3.25% in the hybrid population of Cx. pipiens, and 57.07 ± 11.56% in S. albopicta.
Mortality rates at 12 d.p.i. were similar in the molestus form of Cx. pipiens and S. albopicta, with mean ± SD rates (total for both WNV strains) of 11.87 ± 10.06% and 21.42 ± 8.95%, respectively. Mean ± SD mortality in the Cx. pipiens hybrid was lower at 6.46 ± 4.76% (Table 2) .
Mosquito infection
One of 63 (1.58%) female specimens of Cx. pipiens form molestus exposed to 5 log 10 TCID 50 /mL of the Wn_lin1 strain was infected, but this infection was not disseminated. In the same mosquito population, no infected females were detected at 12 d.p.i. after exposure to 5 log 10 TCID 50 /mL of Wn_lin2. By contrast, the Cx. pipiens hybrid form and S. albopicta exposed to the same viral load showed neither infection nor dissemination of either of the viral strains tested (Table 3) . At the higher concentration, of 7 log 10 TCID 50 /mL, both viral strains were able to produce infection in Cx. pipiens and S. albopicta (Table 3 ). The infection rate for the Wn_lin2 strain was higher than that for the Wn_lin1 strain in both forms of Cx. pipiens. The molestus form of Cx. pipiens demonstrated infection rates of 27.27% and 11.11% for Wn_lin2 and Wn_lin1, respectively. Infection rates in the Cx. pipiens hybrid population were 52.38% for the Wn_lin2 strain and only 4.34% for the Wn_lin1 strain. By contrast, in the S. albopicta population, no significant difference in infection rate was observed between the Wn_lin2 and Wn_lin1 strains (24.70% and 25.00%, respectively). Disseminated infection was detected in S. albopicta mosquitoes exposed to both strains of virus at similar ratios (Wn_lin1 strain: 46.66%; Wn_lin2 strain: 45.00%). Disseminated infection was also detected in the Cx. pipiens hybrid exposed to the Wn_lin2 strain (18.18%) ( Table 3) .
Viral quantification by RT-qPCR and isolation from mosquito samples
Two categories of WNV-infected females were distinguished: (a) females that replicated the virus at a low level, and (b) females that replicated it at a high level. The GEC values of both WNV strains detected in infected female bodies at low levels ranged from 1.44 log 10 to 3.42 log 10 GEC. By contrast, the values detected in infected females at high levels ranged from 4.28 log 10 to 8.20 log 10 GEC. Stegomyia albopicta presented similar rates of high-level infection with Wn_lin1 and Wn_lin2 (46.66 % and 47.61%, respectively). The Cx. pipiens hybrid showed mainly high-level infection with both the Wn_lin1 and Wn_lin2 strains (83.33% and 100%, respectively), and Cx. pipiens form molestus presented a 100% rate of high infection with both WNV strains tested (Fig. 1) . In the mosquitoes with disseminated infection, GEC values were always higher in the body than in the legs and a high viral load in the body correlated with a high viral load in the legs, and vice versa (Fig. 2) . It was possible to isolate WNV from the bodies and legs in specimens of the three mosquito populations, mainly in samples with high viral loads (more than 5.4 log 10 viral GEC/sample). The percentage of isolation from bodies with high levels of infection was 38.46%, whereas that from legs was 50.00%.
Transmission
Culex pipiens hybrid and S. albopicta populations proved able to transmit WNV (Table 4 ). In the first study of transmission, one cotton pledget from S. albopicta, which had been exposed to the Wn_lin1 strain, tested positive at 11 d.p.i. (3.17 log 10 viral GEC/sample). One cotton pledget from the Cx. pipiens hybrid, which had been exposed to the Wn_lin2 strain, tested positive at 12 d.p.i. (3.47 log 10 viral GEC/sample). The S. albopicta cotton pledget was collected from a group including females with disseminated infection (five high-level infected females and one low-level infected female). The Cx. pipiens hybrid cotton pledget was collected from a group including two females with disseminated infection. In the second study of transmission, one FTA card from an S. albopicta female with disseminated infection (high-level infection) that had been exposed to the Wn_lin2 strain tested positive. In this case, the viral load was 4.79 log 10 viral GEC/sample.
Discussion
The current results show the presence of WNV in the saliva of Spanish S. albopicta (both lineages 1 and 2) and in the saliva of Cx. pipiens hybrid form (only lineage 2) that had been experimentally infected. These data confirm the results obtained in previous studies that have highlighted the importance of the viral load used to blood-feed mosquitoes (Turell et al., 2001; Dohm et al., 2002; Anderson et al., 2010) . Under laboratory conditions, a bloodmeal with a WNV load of 5 log 10 TCID 50 /mL allowed the development of infection in the molestus form of Cx. pipiens, but was not sufficient to cause a disseminated infection. The same viral load failed to infect either the Cx. pipiens hybrid or the S. albopicta populations; consequently, no disseminated infection was tested in these populations. Viraemia titres exceeding 10 5 plaque-forming units (PFU)/mL were considered sufficient to infect Cx. pipiens (Turell et al., 2000) . The hybrid form of the Cx. pipiens species is considered a superior bridge vector for WNV in nature (Farajollahi et al., 2011) and the present results confirm this. However, when a bloodmeal with a higher titre (7 log 10 TCID 50 /mL) was used, both WNV strains tested produced infection in Cx. pipiens (both forms), as has been previously reported (Balenghien et al., 2008) . It is also relevant to highlight the finding that it was possible for the invasive species S. albopicta to be infected by both WNV lineages. The two forms of Cx. pipiens tested differed in their respective vectorial competence for the European Wn_lin1 and Wn_lin2 strains. Both Cx. pipiens forms showed a high rate of infection with the Wn_lin2 strain. The Cx. pipiens hybrid form also showed disseminated infection with the Wn_lin2 strain and Table 4 . Identification of West Nile virus (WNV) RNA in saliva of mosquitoes fed with infected blood at a titre of 7 log 10 TCID 50 /mL. 
Culex pipiens form molestus
demonstrated viral RNA in the saliva of individuals from this population. However, neither of the Cx. pipiens forms showed disseminated infection produced by Wn_lin1 and as a result viral RNA was not detected in the saliva of any of the samples analysed. These data suggest that the Cx. pipiens hybrid form will be an important WNV vector as it was found to be more competent than the molestus form, as previously described (Farajollahi et al., 2011) ; this was particularly true for the Wn_lin2 strain. Interestingly, S. albopicta turned out to be the most competent of the populations tested for Wn_lin1, whereas similar infection and dissemination rates were obtained for Wn_lin2. Stegomyia albopicta has been described as a mainly mammalophilic mosquito in the test region, whereas Cx. pipiens has been reported to exhibit opportunistic feeding behaviour (Muñoz et al., 2011) . Therefore, S. albopicta would not be expected to play an important epidemiological role in the transmission of WNV in urban areas. With regard to infection and dissemination, the present results contrast with those of Fall et al. (2014) for Culex neavei Theobald and Cx. quinquefasciatus, which demonstrated higher percentages of infection and dissemination with the WNV lineage 1 strain than with the WNV lineage 2 strain. This difference between the present results and those of Fall et al. (2014) may suggest that the Wn_lin2 strain that has been circulating around Europe has adapted to the European population of Cx. pipiens. There are clear differences between the present results and those obtained in previous studies (Turell et al., 2001; Dohm et al., 2002) , but, on the basis of the present results, it is difficult to infer the reasons behind these differences in vector competence. This is mainly because there is a lack of information on significant biotic factors relating to the important mosquito-virus binomial. The parameters for which there is precise information, and which may help to explain such differences, are bloodmeal and temperature. When mosquitoes are blood-fed using a living viraemic host (Turell et al., 2001; Dohm et al., 2002) , infection and transmission rates are expected to be higher (Lord et al., 2006) than when mosquitoes are blood-fed using an artificial system involving spiked blood, such as in the present case. The temperature profile during the EIP was usually constant and high in previous studies. By contrast, the profile in the present study mimicked the local circadian cycle and the mean temperature profile of the period with high WNV activity; this reduced the mean temperature of the EIP to 23.9 ∘ C. In the present experiments, both of these factors will have contributed to lower rates of WNV infection and dissemination in mosquitoes, as previously indicated (Cornel et al., 1993) . The bloodmeal viral load and temperature profile proved to be important parameters in influencing vector competence. This was evident when the present data were compared with those of previous studies in which Cx. pipiens was infected with the same strain used in the current work (Wn_lin1). Populations from France infected at a higher titre and kept at a constant temperature (26 ∘ C) showed a 38.5% rate of disseminated infection at 14 d.p.i. (Balenghien et al., 2008) . This is much higher than the rate observed in the present data. Studies performed in African (Maghreb region) and Italian populations were much more interesting (Amraoui et al., 2012; Fortuna et al., 2015) as the viral loads of the bloodmeals were similar to those used in the present study, and the temperature was high and constant in both studies (28 ∘ C). In the study by Amraoui et al. (2012) , all mosquito strains tested showed rates of disseminated infection ranging from 59.1% to 100%, whereas Fortuna et al. (2015) found rates of disseminated infection ranging from 37% to 47%. In all the studies cited, higher and constant temperatures seemed to be associated with better results with respect to infection, dissemination and transmission. Previous studies have reported that temperature can influence the WNV vector competences of Cx. pipiens (Dohm et al., 2002; Kilpatrick et al., 2008) , Cx. quinquefasciatus (Richards et al., 2007) and Culex tarsalis (Reisen et al., 2006) . In these studies, an increase in temperature during the EIP produced increases in infection, dissemination and transmission rates (Anderson et al., 2010) . A previous study showed that a bloodmeal of 1.2-1.4 × 10 8 PFU/mL could differentially infect Cx. pipiens (Kilpatrick et al., 2008) depending on the temperature. Major differences with regard to disseminated infection were also found. The fluctuating daily environmental conditions presented here may have affected both infection and dissemination rates in the mosquitoes tested, thereby reducing their vectorial competence. This theory is supported by the results of a recent study that measured the vector competence of Stegomyia aegypti (= Aedes aegypti) for the transmission of dengue virus (Lambrechts et al., 2011) , in which the authors assessed how fluctuations in daily temperature impacted the capacity of the vector to transmit the virus. The circadian temperature range in the present experiments was narrower (only 4.4 ∘ C) than that in Lambrechts et al. (2011) . However, Kilpatrick et al. (2008) demonstrated a non-linear correlation between the extrinsic incubation temperature and vector competence in Cx. pipiens and suggested that even a relatively small variation in temperature may have a significant impact on vector competence in this species. These findings support the argument that the low rates of infection, dissemination and transmission reported may have resulted from the lack of a constant temperature during the assay. However, it would seem necessary to use a cycling temperature profile that simulates real environmental conditions in order to design a more realistic vector competence assay.
The current results show the presence of two different levels of infection in mosquitoes infected with WNV. Neither lowor high-level infection patterns were linked to the particular WNV strain used, but depended on the mosquito species in question. Culex pipiens almost exclusively presented a high-level infection pattern, whereas S. albopicta demonstrated patterns of both high-and low-level infection. The difference in the level of infection between Cx. pipiens and S. albopicta is probably explained by differences in the adaptations of the virus to these two species. Culex pipiens is considered a principal vector for WNV to which the virus has adapted well, whereas S. albopicta is a secondary, or opportunistic, vector to which the adaptation of the virus is probably not as complete.
The results obtained in the present study demonstrate that the European Cx. pipiens and S. albopicta populations are both laboratory-competent vectors for two strains of WNV isolated in Europe. Culex pipiens is considered a primary field vector for WNV in Europe. By contrast, S. albopicta, which is a non-primary vector, demonstrated an unexpectedly good level of vector competence for both WNV strains tested. It is important to note that both forms of Cx. pipiens collected in the region were fed successfully in the laboratory and that the proportion of fed S. albopicta was more than twice that of Cx. pipiens. In central and northern Europe, Cx. pipiens is not considered a pest because it has a very low degree of anthropophily, but this changes in the south, where it feeds on humans more commonly (Gabinaud et al., 1985; Ishii, 1991) . The proportion of blood-fed females in both species is a parameter of maximum importance because it represents a component of vectorial capacity such as in the formula described by Reisen (1989) .
Europe is subject to a re-emergence of WNV. Human and equine outbreaks are continually reported in different countries within the European Community and the recent appearance of WNV lineage 2 strains may have critical implications for both human and animal health. Assessment of the vector competence of local mosquito populations can provide information that will help in the establishing of targeted and more effective surveillance of WNV, and in the development of vector control programmes at the regional level; this will help to improve public preparedness and to prevent future outbreaks of disease.
